Many of the constitutive peptide ligands of HLA-B27, a molecule strongly associated with spondyloarthritis, are proteasome-independent. Stable isotope tagging, mass spectrometry, and epoxomicin-mediated inhibition were used to determine their percentage, structural features, and parental proteins. Of 104 molecular species examined, 29.8% were proteasome-independent, paralleling the level of HLA-B27 re-expression in the presence of epoxomicin after acid stripping. Proteasome-dependent and -independent ligands differed little in peptide motifs, flanking sequences, and cellular localization of the parental proteins. In contrast, whereas the former set arose from proteins whose size and isoelectric point distribution largely reflected those in the human proteome, proteasome-independent ligands, other than a few matching signal sequences, were almost totally derived from small (about 6 -16.5 kDa) and basic proteins, which account for only 6.6% of the human proteome. Thus, a non-proteasomal proteolytic pathway with strong preference for small proteins is responsible for a significant fraction of the HLA-B27-bound peptide repertoire. Molecular & Cellular Proteomics 6:923-938, 2007.
Major histocompatibility complex (MHC) 1 class I molecules constitutively bind large peptide repertoires arising from degradation of endogenous proteins and present them at the cell surface. Most of these ligands are produced in the cytosol. They or their immediate precursors are introduced into the lumen of the endoplasmic reticulum (ER) by the transporter associated with antigen processing (TAP) where they bind to the nascent class I molecule in a process of assisted loading involving calreticulin, ERp57, protein-disulfide isomerase, and tapasin, which together with TAP and the MHC molecule form the peptide-loading complex (1) (2) (3) (4) (5) (6) . The properly folded MHCpeptide complexes migrate to the cell surface. The class I-bound peptide repertoires consist of several thousands of molecular species (7, 8) , which arise from a broad spectrum of proteins from essentially all cell compartments (9, 10) . The proteasome, a multicatalytic complex of the cytosol and nucleus, is the major protease involved in the generation of MHC class I ligands (11, 12) . Although the proteasome might directly generate some of these ligands (13) (14) (15) (16) , it seems that many require further processing of proteasomal products by the cytosolic protease tripeptidyl-peptidase II (TPPII) and by amino peptidases of the cytosol and ER (12, (17) (18) (19) (20) (21) .
Some MHC class I ligands can be generated by proteases other than the proteasome (22, 23) . Peptides coming from signal sequences of proteins resident in or entering the ER to be incorporated into the exocytic route are paradigmatic. These signal sequences are cleaved by the signal peptide peptidase and can be further processed in the ER, generating TAP-independent ligands (24, 25) , or in the cytosol, becoming TAP-dependent (26, 27) . Generation of TAP-independent ligands other than those derived from signal sequences, involving processing in the ER, has been reported (28) . Besides participating in peptide trimming (18, 20) , TPPII can generate some viral epitopes (29, 30) . In dendritic cells, the lysosomal enzyme cathepsin S was shown to generate a TAP-independent class I ligand for cross-presentation in vivo (31) . Furine, a protease of the Golgi, can also generate class I ligands (32) (33) (34) . This enzyme, or closely related proprotein convertases, may also provide suitable class I ligands upon failure of quality control mechanisms for peptide loading in the ER (35) , although the actual contribution of this enzyme to the constitutive MHC class I-bound peptide repertoires in cells with an intact processing-loading pathway has not yet been confirmed. These findings do not challenge the general rule that the proteasome pathway is the major source of MHC class I ligands. This is despite the fact that a very substantial degradation of cellular proteins, especially those with long halflives, takes place in lysosomes (36) . Thus, it is assumed that peptide transfer from the lysosomal compartment to the MHC class I presentation pathway must be very inefficient. Furthermore a major source of MHC class I ligands consists of newly synthesized polypeptides that fail to reach the native state and are targeted to the proteasome for degradation (37) (38) (39) rather than proteins that are degraded at the end of their lives.
Despite the global significance of the proteasome pathway, MHC class I allotypes differ widely in the amount of proteasomedependent ligands that they present (40) . A previous study addressed this issue by means of acid stripping of the class I molecules expressed at the cell surface and quantification of their re-expression in the presence of proteasome inhibitors (23) . Some class I molecules were poorly re-expressed upon proteasome inhibition, whereas others, in particular B*2705, were expressed to a substantial extent. Sequencing of peptides re-expressed in the presence of proteasome inhibitors from HLA-B27 and other class I molecules failed to reveal any obvious bias in the C-terminal peptide motifs or in the parental proteins.
The high surface re-expression of HLA-B27 in the presence of proteasome inhibitors after acid stripping (23) was convincing evidence for a significant contribution of proteasomeindependent pathways to shaping the HLA-B27-bound peptide repertoire. However, a limitation of this approach is that quantitative removal of HLA class I-bound peptides by acid washing can only be indirectly assessed by flow cytometry, and it is difficult to rule out that a small amount of peptides may resist acid removal, especially in HLA-B27 whose association with ␤ 2 -microglobulin is particularly strong (41, 42) . This might complicate the assignment of proteasome inhibitor-resistant ligands among those sequenced from acidwashed cells.
To circumvent this problem and to re-examine the nature of proteasome-independent HLA-B27 ligands, we envisaged a different approach that was independent of the previous removal of surface-expressed peptides. This approach, which used techniques of quantitative expression proteomics (43) that were recently applied to identifying MHC ligands (44, 45) , was based on metabolic labeling of cellular proteins with [ 15 N]Arg (46) . This method allows the labeling of virtually all HLA-B27 ligands because Arg at P2 is a nearly universal motif of B27-bound peptides (10, 47) . Upon labeling with [ 15 N]Arg the mass spectrum of a peptide will show a selective increase in the intensity of the peak corresponding to the monoisotopic mass of the peptide plus 2 Da per Arg residue, according to the two 15 N atoms of the labeled Arg side chain. Labeling HLA-B27-positive cells with [ 15 N]Arg in the presence or absence of epoxomicin, a specific and potent proteasome inhibitor, provided a sensitive and reliable method to unambiguously distinguish proteasome-dependent and -independent HLA-B27 ligands. Using this approach in conjunction with MS-based peptide sequencing, it was possible to reveal a clear-cut differential distribution of proteasome-dependent and -independent ligands, depending on features of their parental proteins.
EXPERIMENTAL PROCEDURES
Cell Lines, Monoclonal Antibodies (mAbs), and Inhibitors-C1R is a human lymphoid cell line with low expression of its endogenous HLA class I molecules (48) . C1R-B*2705 transfectants were described elsewhere (49) . Cells were cultured in RPMI 1640 medium supplemented with 10% FCS (both from Invitrogen). The mAb ME1 (IgG1; specific for HLA-B27, -B7, and -B22) (50) and W6/32 (IgG2a; specific for a monomorphic HLA class I determinant) (51) were used. E-poxomicin, an irreversible and specific inhibitor of the poteasome (52) , and carbobenzoxy-L-leucyl-L-leucyl-L-leucinal (MG132), a potent reversible inhibitor of the proteasome and calpains (11) , were from Calbiochem. Brefeldin A (BFA), which blocks egress of MHC-peptide complexes from the ER (53), was from Sigma-Aldrich.
Acid Stripping and Flow Cytometry-About 10 6 C1R-B*2705 transfectant cells were either untreated, preincubated for 2 h with 1 M epoxomicin, or preincubated for 30 min with BFA (10 g/ml). Cells were centrifuged, and pellets were resuspended in 500 l of stripping buffer (0.5 M glycine, 1% bovine serum albumin, pH 2.5) and incubated for 2 min. This suspension was neutralized by adding Dulbecco's modified Eagle's medium (Invitrogen) to a final volume of 15 ml. Cells were centrifuged and resuspended in 2 ml of RPMI 1640 medium supplemented with 10% FCS in the presence or absence of BFA (10 g/ml) or 1 M epoxomicin. Flow cytometry was performed in a FACSCalibur instrument (BD Biosciences) as described previously (54) .
Isotopic Labeling of C1R-B*2705 Cells-The strategy used is summarized in Fig. 1 . C1R-B*2705 transfectants were distributed in three culture flasks (about 1.5 ϫ 10 8 cells/flask) and incubated for 4 h in Dulbecco's modified Eagle's medium without Arg and supplemented with 10% FCS. One of the flasks was then supplemented with standard ( 14 N) Arg (100 g/ml), a second flask was supplemented with 100 g/ml L-[guanido- 15 N 2 ]arginine⅐HCl (Cambridge Isotope Laboratories, Andover, MA), in which two nitrogen atoms of the guanidinium group have been replaced with 15 N, and the third flask was treated with 1 M or, in other experiments, with 0.2 and 2.5 M epoxomicin for 30 min prior to the addition of 100 g/ml 15 N-tagged Arg to ensure that the proteasome was inhibited from the start of labeling, and the inhibitor was left for the entire labeling period. After 5 h, the cells were washed twice in 20 mM Tris, 150 mM NaCl, pH 7.5. Pellets were stored at Ϫ70°C for further processing. In some experiments 20 M MG132 was used instead of epoxomicin in the same conditions except that starving of cells in the absence of Arg before labeling was carried out for 2 h. All incubations were done at 37°C. Peptide labeling was quantified by the labeling ratio, which was defined as follows. Ratio ϭ (( 15 N ϩ inh.) Ϫ 14 N)/( 15 N Ϫ 14 N) where 14 N, 15 N, and ( 15 N ϩ inh.) are the percent intensities of the relevant isotopic peak, relative to the monoisotopic peak, in the MALDI-TOF MS spectrum of the peptide in the absence of labeling or upon labeling with [ 15 N]Arg in the absence of inhibitor or in its presence, respectively.
Isolation of HLA-B27-bound Peptides-B*2705-bound peptides were isolated from about 1.5 ϫ 10 8 C1R-B*2705 transfectant cells as described previously (55) . Briefly cells were lysed in 1% Igepal CA-630 (Sigma-Aldrich) in the presence of a mixture of protease inhibitors. After ultracentrifugation, the soluble fraction was subjected to affinity chromatography using the W6/32 mAb. HLA-B27-bound peptides were eluted with 0.1% aqueous TFA at room temperature, filtered through Centricon 3 devices (Amicon, Beverly, MA), concentrated, and subjected to HPLC fractionation in a Waters Alliance system (Waters, Milford, MA) using a Vydac 218TP52 column (Vydac, Hesperia, CA) at a flow rate of 100 l/min as described previously (15) . Fractions of 50 l were collected. For peptide sequencing, which required higher amounts of material, the same procedure was used but starting from about 10 10 C1R-B*2705 cells. The relevant peptides to be sequenced were identified as those with the same monoisotopic mass and retention time as the labeled peptides by comparing the MALDI-TOF MS spectra of correlative and highly matched HPLC fractions from this peptide pool and those from the labeling experiments obtained from consecutive chromatographic runs under identical conditions (Fig. 1) .
Mass Spectrometry-HPLC fractions were analyzed by MALDI-TOF MS using a Bruker Reflex IV TM or an Autoflex mass spectrometer (both from Bruker Daltonics, Bremen, Germany) equipped with the SCOUT TM source operating in positive ion reflector mode. Dried HPLC fractions were resuspended in 0.5 l of TA (33% aqueous acetonitrile, 0.1% TFA), loaded onto the MALDI plate, and allowed to dry at room temperature. Then 0.5 l of matrix solution (␣-cyano-4-hydroxycinnamic acid in TA) at 2 mg/ml were added and allowed to dry again.
Peptide sequencing was carried out by quadrupole ion trap nanoelectrospray MS/MS in an LCQ instrument (Finnigan Thermoquest, San Jose, CA) using the Xcalibur 2.0 software (Thermo Scientific) or in an Esquire 3000
Plus ion trap mass spectrometer (Bruker Daltonics) using the Bio Tools 2.2 software (Bruker Daltonics) after on-line chromatographic separation of samples as described previously (56) . Interpretation of mass spectra was done manually but assisted by various software tools as follows. Manual inspection of the spectrum usually allowed us to determine a partial sequence. This information together with the m/z of the parent ion (in most cases charge 2 parent ions were used for sequencing in this study) was used as input data for a MASCOT (version 2. (10, 47) and absence of "prohibited" residues for HLA-B27 binding, such as N-terminal or C-terminal Pro, were selected. From each of these sequences, a list of theoretical fragment ions was generated using the MS-Product tool (67) as an assistance to match the putative candidate sequences to our experimental MS/MS spectrum (see the supplemental data). At this stage, usually one single proper match was obtained. If ambiguity existed for more than one sequence or if the sequence determined had not been reported previously as an HLA-B27 ligand, the corresponding synthetic peptides were obtained, and their MS/MS spectra were matched for identity with our experimental spectra. HLA-B27-bound peptide pools were isolated in parallel from the three cell lysates by immunopurification of HLA-B27 and acid extraction and subjected to HPLC in consecutive runs under identical conditions. Labeling of HLA-B27 ligands was detected by high resolution MALDI-TOF MS as an increased intensity of the corresponding isotopic peak in the absence of epoxomicin (in the example A ϩ 4, corresponding to a peptide with 2 Arg residues, where A is the monoisotopic peak). In the presence of the inhibitor, labeling of proteasome-dependent peptides is inhibited, and the MS spectrum of the peptide is indistinguishable from that of the unlabeled control. Labeling of a proteasome-independent peptide will be unaffected by the inhibitor so that the MS spectrum will be similar upon labeling either in the presence or absence of epoxomicin. B, for peptide sequencing, the HLA-B27-bound peptide pool was isolated from 10 10 cells and subjected, in parallel to the labeled samples and with the same conditions, to HPLC and MALDI-TOF MS analysis of the individual chromatographic fractions. The relevant peptides were identified from highly matched MALDI-TOF spectra of correlative HPLC fractions on the basis of identity in molecular mass and retention time. Sequencing was done by nanoelectrospray MS/MS. same protein. In some cases, a peptide ligand matched several closely related members of a protein family (i.e. histone families). In these cases a single entry for a representative member was chosen with the understanding that the same ligand can arise from more than one member of such families.
Databases and Statistical Analysis-The molecular mass and theoretical pI of the assigned proteins was obtained from the UniProt KB database release 9.5 (January 23, 2007; www.expasy.org/sprot). Subcellular localization of the proteins was obtained from the UniProtKB release 9.5 (January 23, 2007) and DAVID2006 (57) databases.
Proteome analysis was performed with 15,495 entries from the human annotated protein database in the UniProtKB/Swiss-Prot database and assisted by the JvirGel 2.0 software (75) . Statistical analyses were carried out using the 2 or, for smaller samples, the Fisher's exact test. p values Ͻ0.05 were considered as statistically significant.
RESULTS

Proteasome-dependent and -independent Ligands Can Be Distinguished by Isotopic Labeling of the B27-bound Peptide
Repertoire-To determine the role of the proteasome in generating the B*2705-bound peptide repertoire an approach based on stable isotope tagging of the HLA-B27 ligands was developed ( Fig. 1) .
15 N-Tagged Arg was used to achieve the labeling of virtually every single peptide. C1R-B*2705 cells were subjected to Arg starving. Then equal aliquots were either supplemented with standard ( 14 N) Arg, with the same amount of 15 N-tagged Arg, or treated with epoxomicin prior to the addition of the 15 N-tagged Arg and incubated in the presence of the inhibitor. The B*2705-bound peptide pool was isolated from each aliquot and fractionated by HPLC, and each fraction was analyzed by MALDI-TOF MS. The peptides isolated from cells treated with 15 N-tagged Arg showed a different isotopic distribution compared with that of the same peptides derived from cells supplemented with standard Arg. As the 15 N-tagged Arg is 2 Da heavier than its non-tagged counterpart, labeling was detected as an increase of the intensity of the A ϩ 2, A ϩ 4, or A ϩ 6 peaks (where A is the monoisotopic peak) and, proportionally, the subsequent peaks, depending on the number of Arg residues of the peptide (Fig. 2) . The extent of this increase was variable among peptides as it depends on multiple factors, such as the synthesis rate of the parental protein, the efficiency in the generation of the peptide, its cytosolic stability, the transport and HLA-B27 binding efficiencies, etc., but it was highly reproducible for individual peptides (Table I) . 15 N-tagged Arg, containing two 15 N atoms, the MS spectrum is altered by a selective increase of the corresponding isotopic species: A ϩ 2, A ϩ 4, or A ϩ 6 for peptides with 1, 2, or 3 Arg residues, respectively, where A is the monoisotopic peak. 15 N ϩ epoxomicin (Ep) columns indicate the percent intensity of the relevant isotopic peak (A ϩ 2, A ϩ 4, or A ϩ 6 for peptides with 1, 2, or 3 Arg residues, respectively) relative to the corresponding monoisotopic (A) ion peak. The concentration of epoxomicin in these experiments was 1 M. We reasoned that the isotopic labeling of a proteasomeindependent ligand isolated from cells treated with 15 Ntagged Arg would be significant regardless of the presence or absence of epoxomicin in the culture medium because its generation would not be abrogated by inhibition of the proteasome. In contrast, no labeling should be detected in proteasome-dependent ligands when isolated from cells treated with epoxomicin plus 15 N-tagged Arg because these ligands would not be generated in the presence of the inhibitor. Thus, the isotopic distribution of proteasome-dependent ligands isolated from [ 15 N]Arg-labeled cells in the presence of epoxomicin or from unlabeled cells should be essentially the same (Fig. 1) .
To test this assumption we compared the isotopic distributions of RRFFPYYVY, a B27 ligand known to be generated in a proteasome-dependent fashion (15) , isolated from control, 15 N-tagged Arg-, and 15 N-tagged Arg plus 1 M epoxomicintreated cells (Fig. 3A) . As expected, 15 N labeling was detected in the ligand from untreated but not from epoxomicin-treated cells. On the other hand, the peptides IRAPPPLF and AR-LQTALLV are derived from the signal sequences of cathepsin A and cytokine A22, respectively, and are presented by HLA-B27 in the TAP-deficient T2 cells, 2 suggesting that they are processed in the ER. In both cases we detected a significant, but about 19 -24% lower, 15 N labeling of the ligands when isolated from epoxomicin-treated cells relative to cells supplemented with 15 N-tagged Arg in the absence of the inhibitor (Fig. 3, B and C) . Because these two ligands are probably proteasome-independent their lower labeling in the presence of epoxomicin cannot be explained by partial inhibition of the proteasome (see "Discussion").
A Significant Portion of the HLA-B27-bound Peptide Repertoire Is Generated in the Presence of Epoxomicin-In an initial experiment proteasome inhibition was carried out with 1 M epoxomicin. Upon MALDI-TOF analysis of the B*2705-bound peptide pool 91 ion peaks were amenable to further analysis on the following basis. 1) They showed sufficiently high intensity for good detection of multiple isotopic peaks, and 2) the relevant isotopic peak increased at least 20% upon 15 N labeling in the absence of inhibitor relative to its intensity in unlabeled cells (Fig. 4) . A given ligand was considered to be proteasome-independent if the intensity of the corresponding isotopic peak upon labeling in the presence of epoxomicin increased by at least 40% of the increase of that peak in the absence of the inhibitor (labeling ratio, Ն0.4). In contrast, the proteasome-dependent ligands were those that were labeled in the absence but not in the presence of epoxomicin (labeling ratio, Յ0.2). The threshold of 0.4 for the labeling ratio was adopted because proteasome-independent peptides may be less labeled in the presence of epoxomicin than in its absence due to indirect effects following proteasome inhibition, such as down-regulation of protein synthesis (see below and "Discussion"). The labeling of 62 of the 91 peptides (68.1%) was abolished with 1 M epoxomicin (Fig. 4A) , suggesting a key role of the proteasome for their generation. In 29 ligands (31.9%) labeling was significant in the presence of epoxomicin, suggesting that they were proteasome-independent. Very similar results were obtained when using MG132 instead of epoxomicin as proteasome inhibitor. Although fewer peptides were analyzed, the pattern of inhibition with MG132 for each of the peptides analyzed was the same as with epoxomicin (Fig. 4C) . (58) , incubation of HeLa cells with 0.15 M epoxomicin abrogated the chymotrypsin-like activity of the proteasome by about 85%, but its trypsin-like activity was only inhibited by about 28%. In contrast, 2 M epoxomicin was required to achieve extensive inhibition of both activities (about 98 and 87%, respectively). MG132) , the number of Arg residues (R), and the labeling ratio (Ratio; see "Experimental Procedures") are indicated. Peptides were classified as proteasome-dependent (inhibitor-sensitive) or -independent (inhibitor-insensitive) when the labeling ratio was Յ0.2 or Ն0.4, respectively. The peptide FRYNGLIHR (A; Fraction N, 155; M ϩ H: 1175.3) was assigned as proteasome-dependent due to its total inhibition with 2.5 M epoxomicin (Fig. 5) . Within each set, the peptides are ordered by their number of Arg residues, which was inferred from the isotopic peak that increased upon [
Generation of HLA-B27 Ligands in the Presence of Variable Concentrations of Epoxomicin-In a recent study
15 N]Arg labeling and by molecular mass. Ion peaks that were sequenced are indicated. Ion peaks analyzed with additional concentrations of epoxomicin (Fig. 5) are indicated with (*) by their HPLC Fraction N. Ion peaks assigned with both epoxomicin and MG132 are labeled with one (*) or two (**) asterisks in the Sequence column if they were inhibitor-sensitive or -insensitive, respectively. Ion peaks without asterisks in this column were assigned only with epoxomicin.
The caspase-like activity of the proteasome was virtually not affected by this inhibitor.
Thus, in a second set of experiments, stable isotope tagging of HLA-B27 ligands was carried out in the presence of 0.2 and 2.5 M epoxomicin, respectively. This was done to analyze the effect of the progressive inhibition of the trypsinlike activity of the proteasome on the generation of HLA-B27 ligands and to assess whether the proteasome dependence assignments made on the basis of inhibition with 1 M E-poxomicin were reliable or might be altered in the presence of higher concentration of this inhibitor.
A total of 56 ion peaks fulfilling the same criteria concerning high intensity and labeling as in the previous paragraph were amenable to further analysis (Fig. 5 ). Peptides were assigned as proteasome-dependent when their labeling was totally inhibited with 2.5 M epoxomicin as explained in the previous paragraph (see also Fig. 5 legend) . A total of 35 (62.5%) and 21 (37.5%) ion peaks were assigned as proteasome-depend- Fig. 4 except that the threshold for assigning proteasomeindependent ligands was a labeling ratio of 0.3. This threshold value, which is somewhat lower than the one used with a 1 M concentration of the inhibitor, was adopted because it was observed with a TAP-independent ligand (AR-LQTALLV; M ϩ H: 984.6) that is presumably generated in the ER and therefore does not reflect partial inhibition of the proteasome. Ion peaks also analyzed at 1 M epoxomicin (Fig. 4) are indicated with (*) by their HPLC Fraction N. TAPindependent ligands are labeled with (**) in the Sequence column. ent (Fig. 5A ) and -independent (Fig. 5B) ligands, respectively. These percentages are similar to those obtained with a 1 M concentration of the inhibitor.
The ion peak series analyzed with either 1 M (Fig. 4 ) or 0.2/2.5M (Fig.5) epoxomicinincludedatotalof24proteasome-dependent and 19 proteasome-independent peptides analyzed in both set of experiments (Fig. 6) . As many as 20 (83.3%) of the 24 proteasome-dependent peptides in this series showed a labeling ratio Յ0.2 already with 0.2 M epoxomicin, indicating that most of the proteasome-dependent ligands are not generated under conditions in which the chymotrypsin-like, but not the trypsin-like activity, is inhibited. Only one proteasome-dependent peptide (FRYNGLIHR; M ϩ H: 1175.3) showed some labeling with 1 M epoxomicin but not with a 2.5 M concentration of the inhibitor. The dose-dependent inhibition of this peptide by epoxomicin suggests that it can be generated if the trypsin-like activity of the proteasome is not fully inhibited.
Among the 19 proteasome-independent peptides in this series, 13 (68.4%) showed similar label incorporation at all epoxomicin concentrations so that the decreased labeling of some of them in the presence of the inhibitor was doseindependent (Fig. 6 ). Moreover two TAP-independent ligands, which are very likely generated in the ER in a proteasomeindependent way, also showed decreased labeling in the presence of the inhibitor (Fig. 6) . These results strongly suggest that partially decreased labeling in the presence of epoxomicin is due to indirect effects, such as down-regulation of protein synthesis, rather than to partial inhibition of the proteasome. Four peptides (M ϩ H: 970.4, 1291.4, 1341.3, and 1419.5), two of which were derived from the same protein, showed decreasing labeling as a function of epoxomicin concentration (Fig. 6) . However, they were assigned as proteasome-independent because significant labeling was still obtained with the highest concentration of the inhibitor where the proteasomal contribution to the generation of these ligands is very unlikely. This result might be explained by a dose-dependent effect of the inhibitor on the synthesis of the parental proteins. One of the proteasome-independent peptides (VR-LLLPGELAK; M ϩ H: 1208.5) showed a dose-dependent increase of labeling with epoxomicin. This result suggests that either the parental protein of this ligand is up-regulated upon proteasome inhibition or that the ligand is actually destroyed by the proteasome.
When the two peptide sets analyzed with either 1 or 0.2/2.5 M epoxomicin were jointly considered (Figs. 4 and 5) , the proteasome dependence of 104 different HLA-B27 ligands could be established. Of these, 73 (70.2%) and 31 (29.8%) were assigned as proteasome-dependent and -independent, respectively.
Surface Expression of HLA-B*2705 in the Presence of Epoxomicin Parallels the Percentage of Proteasome-independent Ligands-It
was shown previously that the surface reexpression of HLA-B*2705 after acid stripping in the presence of the conventional proteasome inhibitors lactacystin and Nacetyl-L-leucinyl-L-leucinyl-L-norleucinal was very substantial and higher than for other MHC class I molecules (23) . We repeated these experiments, using similar experimental conditions, with the more specific inhibitor epoxomicin, which, to our knowledge, does not inhibit any known protease other than the proteasome, and using the ME1 mAb, which does not react with untransfected C1R cells. The results (Fig. 7) indicated that B*2705 re-expression in the presence of 1 M epoxomicin was Х34% of the re-expression in the absence of the inhibitor after subtracting the expression levels in the presence of BFA. This result is similar to that reported by Luckey et al. (23) and to the percentage of proteasomeindependent ligands described in the previous paragraph, suggesting that the percentage of these ligands determined by stable isotope tagging is representative of the whole B*2705-bound peptide pool. 
Proteasome-independent and -dependent Ligands Differ Little in Their Peptide Motifs, Flanking Sequences, and Subcellular Localization of Their Parental Proteins-A total of 19
proteasome-independent and 31 proteasome-dependent ligands were sequenced by MS/MS (Fig. 8) . In the former group, only three peptides were derived from signal sequences, whereas the others corresponded to internal protein sequences. A comparison of the structural features of proteasome-dependent and -independent peptides failed to reveal any statistically significant differences in residue usage at the N-and C-terminal positions (P1, PC) or in the adjacent residues within the peptides (P2-P3, PC Ϫ 2, PC Ϫ 1) or in the parental proteins (N Ϫ 2, N Ϫ 1, C ϩ 1, C ϩ 2) (Fig. 8 and data  not shown) . The only exceptions were a marginally increased frequency of Tyr at P3 and Leu at PC (p ϭ 0.046) among proteasome-dependent ligands and Arg at PN Ϫ 2 among proteasome-independent ones (p ϭ 0.043). No obvious differences in charge or overall chemical character were observed between the two peptide sets. For instance, the average pI of the proteasome-independent and -dependent ligands sequenced in this study was 10.45 Ϯ 2.07 and 10.42 Ϯ 1.29, respectively. Moreover both the proteasomedependent and -independent peptides were detected along the whole HPLC chromatogram, indicating no obvious bias in the retention times of peptides from both sets. These results suggest that the proteasome dependence of B*2705 ligands is largely unrelated to the structure of the peptides and to the flanking sequences of their parental proteins.
Analysis of the subcellular localization of the parental proteins (Fig. 8) showed no statistical differences between proteasome-dependent and -independent ligands. Although proteins of the exocytic route were similarly represented in the two groups, the three proteasome-independent ligands from these proteins came from their signal sequences, whereas the proteasome-dependent peptides from proteins of the exocytic compartment corresponded to internal sequences. The polypeptides giving rise to more than one of the sequenced ligands were counted only once in this and all analyses concerning parental proteins.
Proteasome-independent Ligands Are Derived Mainly from Basic Proteins of Low Molecular Weight-A striking difference with regard to protein size was observed among the parental proteins of proteasome-dependent and -independent ligands. With only one exception, proteasome-independent ligands from regions other than signal sequences were derived from low molecular mass (approximate range, 6 -16.5 kDa) and basic (pI Ͼ 7.0) proteins, whereas proteasome-dependent ligands were derived mainly from proteins ranging from about 12 kDa to more than 200 kDa and showed little bias in the pI of the parental proteins (Fig. 9, A and B) .
The size and pI distribution of the parental proteins of proteasome-dependent ligands reflected approximately that of the human proteome except for some over-representation of small basic proteins (21.4 versus 6.6%, p ϭ 0.006), which might be due to the preference of HLA-B27 for Arg-containing peptides (10) . In contrast, the parental proteins of proteasome-independent ligands deviated much more significantly from the human proteome in both parameters (p ϭ 5.1 ϫ 10 Ϫ32 for small basic proteins) because small basic proteins account for only 6.6% of the human proteins (Fig. 9, C and D) .
Because there was a close correlation between the expression level of HLA-B27 in the presence of epoxomicin after acid stripping and the percentage of proteasome-independent ligands and because these came mostly from small basic proteins, we wondered whether the parental proteins of known HLA-B27 ligands reflected the size distribution of the human proteome or that observed in our study. When the molecular mass of 145 parental proteins of a large set of HLA-B27 ligands from a published registry (10) was plotted versus the pI of the proteins, the observed distribution (Fig.  9E ) was more similar to that obtained with the parental proteins of the proteasome-dependent and -independent ligands in this study (Fig. 9C) than to the human proteome (Fig. 9D) . (10, 74) are indicated with P. Peptides whose sequence was directly confirmed with synthetic peptides in this study are indicated with S. The corresponding parental proteins, their accession numbers (AN) in the Swiss-Prot database, cellular localization, molecular mass (MW), and theoretical isoelectric point (pI) are given. Proteasome-independent ligands arising from signal sequences are labeled with asterisks (*). Polypeptides giving rise to more than one ligand are indicated in boldface. The total number of parental polypeptides of proteasome-independent and -dependent ligands was 16 and 28, respectively. Yet the percentage of small and basic parental proteins from the ligands sequenced in this study was 2.5-fold higher than among the parental proteins of known HLA-B27 ligands (43.2 and 17.2%, respectively; p ϭ 0.0008). Thus, in the peptide set analyzed in our study, characterized by high abundance and good labeling of the peptides, the percentage of proteasomeindependent ligands might be overestimated relative to the whole HLA-B27-bound repertoire.
Two of the three proteasome-independent ligands that came from signal sequences of proteins of the exocytic route arose from big acidic proteins: IRAAPPPLF (cathepsin A; molecular mass, Х54 kDa; pI of the protein, 6.16) and RRLALF-PGVA (ERp57; molecular mass, Х56.8 kDa; pI of the protein, 5.98). These ligands are probably TAP-independent and processed in the ER because at least the first ligand is presented by B*2705 in the TAP-deficient T2 cells. 2 
DISCUSSION
In this study we have 1) established a sensitive and reliable method to distinguish proteasome-dependent from -independent HLA-B27 ligands, 2) applied this method, together with MS-based peptide sequencing, to identify multiple li-FIG. 9. Proteasome-independent B*2705 ligands are derived mainly from basic proteins of low molecular mass. A, molecular mass of the parental proteins from proteasome-independent (white bars) and -dependent (gray bars) B*2705 ligands. Bars represent the number of B*2705 ligands arising from proteins within the specified molecular mass ranges. The three peptides derived from signal sequences were not included. B, distribution of size and isoelectric point of the parental proteins of proteasome-independent (white bars) and -dependent (gray bars) HLA-B*2705 ligands. This distribution is compared with the corresponding distribution of these parameters in the human proteome (black bars). Proteins were classified as small (molecular mass, Յ16.5 kDa) and big (molecular mass, Ͼ16.5 kDa). Basic and acidic refer to the theoretical pI of the proteins. The differences between the percentage of small basic, big acidic, and big basic parental proteins of proteasome-independent ligands and those of proteasome-dependent or proteins from the human proteome were statistically significant. No statistical differences were found between the two latter sets except for small basic proteins (p ϭ 0.006). C, the molecular mass of the parental proteins from proteasome-dependent (E) and -independent (F) B*2705 ligands is plotted versus their theoretical isoelectric points. The value of 16.5 kDa corresponds to the second highest molecular mass (16.567 kDa) observed among parental proteins of proteasome-independent ligands derived from internal sequences. The three parental proteins of ligands matching signal sequences were not included. D, the same plot for 15,495 annotated human protein entries in the Swiss-Prot database (UniProtKB/Swiss-Prot). E, the same plot for 145 parental proteins from a registry of constitutive B*2705 ligands (10).
gands from both sets, and 3) demonstrated that a large majority of the proteasome-independent HLA-B27 ligands analyzed arise from basic proteins of low molecular mass, a subset that accounts for a small percentage of the human proteome.
A first and critical aspect of our study concerns the method used to assess proteasome dependence. Its reliability requires that, under our experimental conditions, the inhibition of the proteasome activity is achieved in a reproducible and essentially quantitative way. This is particularly important because epoxomicin is more effective in inhibiting the chymotrypsin-than the trypsin-like activity of the proteasome (58). To account for this, experiments were performed at various epoxomicin concentrations, the highest of which should almost totally inhibit both proteasomal activities (58) . In our experimentsallbutoneofthepeptidesassignedasproteasomedependent presented a similar pattern of virtually total inhibition of labeling with 1 M epoxomicin. At this concentration, the chymotrypsin-like activity of the proteasome should be totally inhibited, but some trypsin-like activity might remain. The single exception found in this set required 2.5 M epoxomicin to reach total inhibition.
It might be argued that the decreased labeling of many of the peptides assigned as proteasome-independent in the presence of epoxomicin could be due to partial inhibition of the proteasome. There are several reasons why we consider that this possibility is very unlikely. First, a majority (68.4%) of the proteasome-independent peptides analyzed at various concentrations of the inhibitor showed a similar decrease of labeling at all the concentrations tested or at least at the two higher concentrations, which would not be expected if the decrease were due to partial inhibition of the proteasome. Second, as mentioned above, at the highest concentration of epoxomicin used in our experiments both the chymotrypsinand the trypsin-like activities are almost completely inhibited (58) . Although the caspase-like activity still remains, it is very unlikely that, in the absence of the other activities, this may play any significant role in the generation of HLA-B27 ligands. The caspase-like activity of the proteasome would preferentially generate peptides with C-terminal acidic residues, which are not allowed for HLA-B27 binding (10) . Third, TAP-independent peptides derived from signal sequences of proteins of the exocytic route also showed decreased labeling when isolated from epoxomicin-treated cells, although these ligands are generated in a proteasome-independent way. Fourth, similar results were obtained with MG132, which inhibits the three proteasomal activities (59) . It is unlikely that two chemically different inhibitors fail to fully inhibit the generation of the same proteasome-dependent ligands while completely blocking the rest. Fifth, there is an alternative explanation to the decreased labeling of peptides in the presence of epoxomicin: a variable reduction of labeling is expected for many proteins when exposing cells to epoxomicin because proteasome inhibition alters the rate of protein synthesis (60) . Thus, ligands derived from proteins whose synthesis rate is decreased in these conditions will be worse labeled when isolated from epoxomicin-treated cells even if these ligands are generated in a proteasome-independent way. Indeed both the reduced labeling of TAP-independent ligands and the similar effect observed with both epoxomicin and MG132 would be expected if decreased labeling of the peptides is a consequence of the inhibition of the proteasome at the expression level or synthesis rate of the parental proteins.
The increased labeling of three proteasome-independent ligands might also be explained if they are derived from proteins whose expression is increased in response to epoxomicin. For instance, increased expression of stress response proteins upon proteasome inhibition has been reported (61, 62) . Increased labeling of peptide ligands could also result directly from the inhibition of the proteasome because this protease is known to destroy some peptide epitopes (62) (63) (64) .
The similar structural features of the peptides from both subsets suggest that the nature of the HLA-B27 ligands is mainly determined by the requirements of stable interaction with the HLA molecule and not by the origin of the peptide. This result was not necessarily expected a priori because most of the peptide motifs of HLA-B27 at individual positions, except Arg at P2, consist of multiple residues rather than a single one. For instance, the C-terminal peptide motif of B*2705 consists of basic, aliphatic, and aromatic residues (10) . Because the C-terminal residue of MHC class I ligands is directly generated by the proteasome (65), alternative proteases, or incomplete inhibition of the trypsin-like activity of the proteasome, could alter the relative frequencies of the C-terminal residues; this was not observed except for a marginal increase of Leu among proteasome-dependent ligands, which should be reassessed with a higher number of peptide sequences. Differences in the flanking sequences of HLA-B27 ligands could arise from the fact that different proteases may be affected in distinct ways by residues flanking their cleavage sites. However, at the N-terminal end of the peptide, putative specificity differences among degrading enzymes may be obscured by amino peptidase-mediated trimming that adjusts many MHC class I ligands to the appropriate size and N-terminal motif (12, 19, 21, 66) . Our results are also consistent with the previous suggestion that proteasome-independent ligands are generated by a protease of relaxed specificity or by multiple proteases (23) . Some but no dramatic differences in the cellular origin of the parental proteins were apparent. It was remarkable that a number of proteasomeindependent ligands arose from mitochondrial proteins of the respiratory chain, raising the interesting possibility of a putative mitochondrial processing of these ligands, in line with previous speculations (68) and with the finding that the same protein expressed in the cytosol or in the mitochondria produced different MHC class I-restricted peptide epitopes (69) . In addition, proteasome-independent ligands derived from internal sequences of secreted proteins were not found. However, a putative correlation between the subcellular origin of the parental proteins and the proteasome dependence of the MHC class I ligands should be substantiated with significantly higher peptide numbers.
The main finding of our study was that, with few exceptions, proteasome-independent ligands arose from basic proteins of low molecular mass, whereas proteasome-dependent ligands arose from a protein set whose size and pI distribution was much more similar to those of the human proteome. The few exceptions found among proteasome-independent ligands were of two kinds. The first exception was peptides arising from signal sequences of large and/or non-basic proteins. Although some such ligands are TAP-dependent and may require proteasomal processing (26, 27) , a majority is TAPindependent and is presumably generated in the lumen of the ER (24, 25) . Indeed two of the proteasome-independent ligands from signal sequences found in this study are expressed on HLA-B27 transfectants of the TAP-deficient T2 cells. 2 The second exception concerns a lactate dehydrogenase (LDH)-B-derived peptide. A very similar ligand, matching a sequence of the LDH-A subunit, was also reported as proteasome-independent (23). LDH is normally degraded by the lysosomal proteolytic pathway (70) . In addition, LDH-A is monoubiquitylated and targeted to lysosomal degradation under conditions of oxidative stress (71) , raising the possibility of a putative lysosomal origin of HLA-B27 ligands derived from LDH; this deserves further analysis. The differences in pI found among the parental proteins of proteasome-independent and -dependent ligands did not apply to the ligands themselves because the pI of both peptide sets was very similar.
It might be argued that the 50 ligands whose proteasome dependence was determined in this study are a very small portion of the whole B27-bound peptide repertoire, which, as for any MHC class I molecule, consists of several thousands of peptides (8) . That the percentage of proteasome-independent peptides was similar to the percentage of surface reexpression of HLA-B27 in the presence of epoxomicin after acid stripping suggests that this data set may be approximately representative of the bulk of the B27-bound peptide pool. However, the percentage of small basic parental proteins in the data set analyzed in this study (a total of 44 polypeptides) was 2.5-fold higher than the corresponding percentage among the 145 parental proteins of known HLA-B27 ligands from a published registry (10) . A possible explanation for this discordance is that our data set was limited by the requirements of high intensity and significant labeling of the corresponding ion peaks, and it is likely to consist of abundant peptides in the B27-bound pool. A majority of the MHC class I ligands are presented in very low amounts and are not easily amenable to this analysis. Thus, it is possible that our data set may represent more closely the percentage of proteasome-independent and -dependent ligands among the most abundant peptides than among the whole B27-bound pool.
The strong bias observed among proteasome-independent ligands toward small and basic parental proteins was not seen in a previous study (23) . However, as already noted, that study was based on acid stripping and re-expression of HLA-B27 in the presence of proteasome inhibitors, and removal of previously synthesized peptides from the cell surface was only indirectly assessed by flow cytometry of acid-stripped HLA-B27. Whereas acid washing can remove the majority of peptides from the cell surface, flow cytometry cannot properly assess their quantitative removal prior to inhibition of the proteasome. If peptide removal were not complete, this might lead to misassignment of some peptides as proteasomeindependent. Indeed one of the peptides that in our study was clearly proteasome-dependent (NRFAGFGIGL; see Fig. 4 ) was reported in that study (23) as generated in the presence of proteasome inhibitors.
Our observed bias of proteasome-independent HLA-B27 ligands toward arising from proteins of small size demonstrates the existence of a hitherto unnoticed non-proteasomal proteolytic pathway that makes a significant contribution to the HLA-B27-bound peptide repertoire. The basic character of these proteins might also be a specificity feature of this non-proteasomal activity or might just be a consequence of the preference of HLA-B27 for basic peptides. B27 ligands contain at least an Arg residue at P2 and frequently additional Arg or other basic residues at P1 and PC. Acidic residues are not allowed or are very disfavored at multiple positions such as P1, P2, P3, and PC (10). Thus, small basic proteins, due to their higher frequency of basic residues, are likely to generate more peptides with these features than small acidic proteins. Obviously this difference would not apply to larger proteins, which could contain sequences compatible with HLA-B27 ligands even if the protein has an overall acidic character. In addition, small basic proteins (Յ16.5 kDa) are 2-fold more abundant than small acidic proteins in the human proteome (6.6 and 3.4%, respectively).
It seems unlikely that lysosomal degradation is a main source of proteasome-independent HLA-B27 ligands. Whereas some lysosomal activities may occasionally generate MHC class I ligands, as demonstrated in dendritic cells (31) and hypothesized in this study for LDH-derived ligands, it is clear that, globally, the lysosomal degradation pathway does not explain the observed bias toward small parental proteins because lysosomal targeting and degradation is not size-dependent (72) . However, we cannot rule out the possibility that lysosomal or Golgi proteases might contribute to a small extent to the HLA-B27-bound peptide repertoire. The cytosolic protease TPPII (17) might seem a more likely candidate for proteasome-independent HLA-B27 ligands. This enzyme has endopeptidase activity (17, 18) and can generate class I epitopes (29, 30) . Actually it was recently proposed that it is the major protease capable of processing peptides longer than 14 residues (20) . TPPII cleaves after Lys residues but, at least in vitro, also after non-basic residues (17) . Therefore, the absence of a bias toward C-terminal Lys residues among the proteasome-independent B*2705 ligands does not argue against a role of TPPII in their generation. Whether TPPII can directly generate MHC class I ligands from proteins of the size observed in this study (i.e. about 6 -16.5 kDa) or might work on shorter protein fragments produced by other nonproteasomal endopeptidases remains to be explored. However, unlike the effect of epoxomicin, TPPII inhibition with its specific inhibitor butabindide did not impair the surface reexpression of HLA-B27 after acid stripping. 3 This is in contrast to published evidence for other HLA class I molecules (18) , but it is in full agreement with the recent observation that small interfering RNA-mediated TPPII inhibition has no effect on the generation of properly folded MHC class I proteins (20) , implying that this enzyme is not required for most MHC class I antigen presentation. Our result suggests that TPPII is probably not responsible for the generation of the bulk of proteasome-independent HLA-B27 ligands. Thus, the enzyme(s) involved in the generation of this peptide subset remains to be identified, and efforts toward this aim are currently ongoing.
Finally we have not addressed the role of the non-proteasomal pathway described in this study for class I molecules other than HLA-B27. However, we examined the parental proteins of a reported series of HLA-B35 (73) and HLA-B14 (56) ligands. These two allotypes show a significantly higherproteasome dependence than HLA-B27 in acid stripping experiments (Ref. 23 and Footnote 4, respectively). 4 For both B35 and B14 ligands, the percentage of small (Յ16.5 kDa) and basic parental proteins (6.9 and 9.1%, respectively) was close to the corresponding percentage of these proteins in the human proteome (6.6%) as expected from the strong proteasome dependence of both allotypes. Analysis of proteasomedependent and -independent ligands of non-B27 class I molecules with a proteasome-dependence comparable to HLA-B27 is currently under way.
